Abstract-In this letter, we demonstrate 27% improvement in the buffer breakdown voltage of AlGaN/GaN high-electron mobility transistors (HEMTs) grown on Si substrate by using a new Schottky-drain contact technology. Schottky-drain AlGaN/GaN HEMTs with a total 2-μm-thick GaN buffer showed a threeterminal breakdown voltage of more than 700 V, while conventional AlGaN/GaN HEMTs of the same geometry showed a maximum breakdown voltage below 600 V. The improvement of the breakdown voltage has been associated with the planar contact morphology and lack of metal spikes in the Schottky-drain metallization.
In spite of the great potential of GaN-on-Si power electronics, the breakdown voltages of standard AlGaN/GaN HEMTs grown on Si are much lower than those grown on SiC. For example, the breakdown voltages of AlGaN/GaN HEMTs with a total 2-μm epitaxial layer on Si substrates are typically less than 600 V [9] , [10] , while for the same epitaxial layer thickness on SiC, a 1.9-kV breakdown voltage has been demonstrated [2] . Several approaches have been used to improve the device breakdown voltage, including increasing the epitaxial layer thickness [9] [10] [11] , doping the buffer with Fe or C [12] , [13] , and using AlGaN in the buffer [14] . Recently, a 1.8-kV breakdown voltage has been demonstrated in AlGaN/GaN HEMTs on Si by increasing the buffer thickness to 6 μm [10] . However, the growth of thick buffer layers increases the cost of GaN-onSi wafers. In this letter, we demonstrate a new technology based on the use of a Schottky metallization in the drain contact to increase the buffer breakdown voltage by 27%.
II. DEVICE FABRICATION
Both Schottky-drain and conventional ohmic-drain HEMTs were fabricated on Al 0.26 Ga 0.74 N/AlN/GaN heterostructures grown on 4-inch Si (111) substrates by Nitronex Corporation. These structures have a total 2-μm undoped GaN/AlGaN buffer, a 1-nm AlN interlayer, and a 17.5-nm AlGaN barrier with a 2-nm GaN cap layer [16] . For the conventional HEMTs, Ti/Al/Ni/Au alloyed ohmic source and drain contacts were formed after 870
• C annealing for 30 s in N 2 atmosphere. In the Schottky-drain HEMTs, unannealed Ti/Au metallization was used for the drain contact. Prior to this metallization, a 10-nm recess was performed on the Al 0.26 Ga 0.74 N barrier by a lowenergy BCl 3 /Cl 2 plasma in an electron cyclotron resonance system to reduce the series resistance and turn-on voltage of the Schottky-drain contacts. Then, 150-nm mesa isolation was achieved by BCl 3 /Cl 2 plasma etching. Finally, Ni/Au/Ni Schottky gates were formed by e-beam evaporation. Both the ohmic-drain and Schottky-drain devices were simultaneously fabricated on the same wafer and in very close proximity from each other. These devices have the gate length (L g ) of 2 μm, gate-to-source spacing (L gs ) of 1.5 μm, and gate-to-drain spacing (L gd ) varying from 5 to 20 μm. For the buffer breakdown characterization, no gate was formed between the source and drain contacts. 
III. EXPERIMENTAL RESULTS
The buffer lateral breakdown voltage of the ohmic-drain and the Schottky-drain devices was measured in structures where a 150-nm-deep recess was performed between the source and drain contacts to eliminate the 2DEG [inset of Fig. 1(a) ]. The Si substrate was floating during the measurement. Fig. 1(a) shows the typical lateral breakdown I-V curves of a conventional ohmic-drain device and a Schottky-drain device with 14-μm source-to-drain distance (L sd ). The Schottky-drain device shows 150 V higher breakdown voltage than the ohmic-drain device, reaching 700 V, 27% improvement. To compare the leakage currents of the ohmic-drain and Schottky-drain devices, the same I-V curves are shown in semilog scale in the inset of Fig. 1(a) . The leakage current of the Schottky-drain device is five times lower than that of the ohmic-drain device. Fig. 1(b) shows the breakdown voltages for different sourceto-drain distances. For source-to-drain spacing below 14 μm, the breakdown voltage increases linearly with the distance. For source-to-drain spacing above 14 μm, the breakdown voltage saturates, which is an indication of vertical current leakage from the GaN buffer to the Si substrate. Since the Si substrate is conductive (with sheet resistance of 2-4 kΩ/ , measured from the Van der Pauw structure), the lateral voltage drop across the Si substrate is negligible, resulting in the breakdown satura- tion. Therefore, the maximum achievable breakdown voltage in AlGaN/GaN HEMTs on Si substrate is limited by the GaN-toSi vertical breakdown. Comparing with the maximum reported buffer breakdown voltages in the literature, the inset of Fig. 1(b) shows that the new Schottky-drain contact devices have the highest buffer breakdown voltage for a given epitaxial layer, 2 μm in this case.
The three-terminal breakdown voltage (V bk ) of the ohmicdrain and Schottky-drain HEMTs was measured under a gateto-source bias of −8 V, enough to pinch off the devices which have a threshold voltage of −2 V. The maximum breakdown voltage of the ohmic-drain devices is between 500 and 600 V while the maximum breakdown voltage for the Schottky-drain devices is between 600 and 700 V, with some of them showing more than 700 V (up to 748 V). Although the results show some dispersion in different areas of the sample, the Schottky-drain devices always have higher breakdown voltages than the ohmicdrain devices when devices near to each other are compared [ Fig. 2(a) ]. On average, the Schottky-drain devices show more than 100 V higher breakdown voltage than the ohmic-drain devices.
The ON-resistance (R on ) of both the standard HEMTs and the Schottky-drain HEMTs was calculated from the I-V curves, as shown in the inset of Fig. 2(b) . The active area between source and drain is used for the specific R on calculation, including a 2-μm transfer length from contact pads. Because the Schottky-drain HEMTs can achieve the same breakdown voltage as the ohmic-drain HEMTs with shorter gate-to-drain spacing, they have lower specific R on than the standard HEMTs for V bk > 400 V, as shown in Fig. 2(b) . The use of Schottkydrain contacts has allowed the fabrication of transistors with 4.5-mΩ · cm 2 specific R on at 700 V. In addition, the proposed Schottky-drain contact technology can also be used as an integrated protection diode for GaN power amplifiers, as reported in [15] .
IV. DISCUSSION
To find out the origin of the increased breakdown voltage associated with the Schottky-drain contact, the samples were cleaved and the cross section of the ohmic and Schottky contacts was studied with a scanning electron microscope (SEM). In contrast to the flat AlGaN/GaN surface underneath the Schottky contact [ Fig. 3(b) ], voids have been found in the GaN underneath the ohmic contact, as shown in Fig. 3(a) . This finding is consistent with [17] where pits in the GaN were found after etching away the alloyed ohmic contacts. We believe that the voids in the GaN created by the alloyed ohmic contact are responsible for the higher leakage current and lower breakdown of the ohmic-drain devices. However, the detailed mechanism is not clear at this moment.
V. SUMMARY
In this letter, we have demonstrated that the use of Schottkydrain contacts can increase the buffer breakdown voltage of AlGaN/GaN HEMTs grown on Si substrates. The use of this new technology allowed the fabrication of AlGaN/GaN HEMTs with more than 700-V three-terminal breakdown voltage and a specific R on of 4.5 mΩ · cm 2 on a GaN-on-Si sample with only 2-μm total epitaxial layer. These results demonstrate the great potential of GaN-on-Si devices for power electronics.
